The pandemic spread of Vibrio parahaemolyticus is an international public health issue. Because of the outbreak potential of the organism, it is critical to establish an internationally recognized molecular subtyping protocol for V. parahaemolyticus that is both rapid and robust as a means to monitor its further spread and to guide control measures in combination with epidemiologic data. Here we describe the results of a multicenter, multicountry validation of a new PulseNet International standardized V. parahaemolyticus pulsed-field gel electrophoresis (PFGE) protocol. The results are from a composite analysis of 36 well-characterized V. parahaemolyticus isolates from six participating laboratories, and the isolates represent predominant serotypes and various genotypes isolated from different geographic regions and time periods. The discriminatory power is very high, as 34 out of 36 sporadic V. parahaemolyticus strains tested fell into 34 distinguishable PFGE groups when the data obtained with two restriction enzymes (SfiI and NotI) were combined. PFGE was further able to cluster members of known pandemic serogroups. The study also identified quality measures which may affect the performance of the protocol. Nonadherence to the recommended procedure may lead to high background in the PFGE gel patterns, partial digestion, and poor fragment resolution. When these quality measures were implemented, the PulseNet V. parahaemolyticus protocol was found to be both robust and reproducible among the collaborating laboratories.
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Vibrio parahaemolyticus, a halophilic gram-negative bacterium, can cause acute gastroenteritis in humans who consume contaminated raw or undercooked seafood. The clinical symptoms include watery diarrhea often accompanied with abdominal cramping, nausea, vomiting, low-grade fever, and chills. The organism was first identified as a cause of food-borne illness in Japan in 1950 (13) . Isolates carrying one or both of the virulence factors, thermostable direct hemolysin (TDH) and the TDH-related hemolysin (TRH), are considered virulent (22, 27, 32) .
Previously, V. parahaemolyticus infections have been typically sporadic cases attributed to multiple serotypes; 75 different combinations of somatic (O) and capsular (K) serotypes have been identified (18, 24) . However, the epidemiology of this infection has changed since 1996. The incidence of V. parahaemolyticus infections among hospitalized patients in Kolkata, India, suddenly increased in February 1996 (24) . It was determined that serotype O3:K6 strains accounted for 50 to 80% of the strains isolated during this period. Further surveillance studies demonstrated that this particular serotype was responsible for outbreaks worldwide in the Americas (7, 8, 14, 15) , Asian countries, including Bangladesh, India, Japan, Korea, Laos, Taiwan, Thailand, and Vietnam (2, 9, 21, 25, 34) , Europe (20, 29) , and Mozambique (1) .
Following the global spread of V. parahaemolyticus O3:K6 and the resulting large food-borne outbreaks, several phenotypic and molecular techniques have been employed to identify pandemic markers and characterize these strains. Serotyping is the primary means of subtyping strains of V. parahaemolyticus, but this method is resource intensive, and additional subtyping methods are now widely used. Strains of serotype O3:K6 responsible for pandemic disease since 1996 belong to a unique clone that is different from strains isolated previously (24) . This new clone carries the tdh gene encoding TDH but lacks the trh gene encoding TRH, and it displays unique profiles in an arbitrarily primed PCR assay (24) . Further studies identified two molecular markers of this pandemic group: one (toxRS/ new) targeted for specific DNA sequences within the 1,364-bp toxRS region of the toxRS new clone, and the other (ORF8) targeted for orf8 of the f237 phage genome (17, 21) . The toxRS operon encodes transmembrane proteins involved in the regulation of virulence-associated genes and is well conserved in the Vibrio genus (21) . More recently, detection of genetic markers has further revealed the emergence of other serogroups that would be classified as pandemic clones, such as O4:K68 and O1:KUT (K untypeable), due to serotype conversion (21) . Currently, 21 serotypes similar to the pandemic clone of O3:K6 have been identified (23) . However, the utility of orf8 or the toxRS/new sequence as a reliable genetic marker for the identification of pandemic candidate strains is controversial (5, 6, 25, 26) . Additional subtyping methods other than serotyping and genetic marker detection would enhance surveillance of the worldwide spread of known pandemic groups and the emergence of new serotypes of pandemic potential.
Pulsed-field gel electrophoresis (PFGE) is a molecular technique for separating large restriction fragments of chromosomal DNA by alternating the direction of the electric field. PulseNet International, a collaboration of international PulseNet networks dedicated to molecular surveillance of food-borne diseases, has successfully developed and implemented highly standardized PFGE protocols for Escherichia coli O157:H7, Salmonella spp., Shigella sonnei, Listeria monocytogenes, Campylobacter jejuni, and Vibrio cholerae which have enabled timely sharing of PFGE profiles within the PulseNet network (12, 30) .
Preliminary reports demonstrated that PFGE exhibits good discriminatory power for subtyping V. parahaemolyticus (3, 10, 19, 31, 34, 35) ; however, it was not possible to compare the results of various studies, as different PFGE parameters were used. To enhance our ability to monitor this pathogen, there is urgent need for an internationally standardized V. parahaemolyticus PFGE protocol which can be readily implemented in laboratories all over the world. Application of a standardized protocol should allow for reliable comparison of DNA fingerprints in a timely manner during cross-border multinational outbreaks. In addition, data gathered by various laboratories can be shared with the intent to effectively monitor global dissemination of both existing and emerging pandemic strains.
We describe a multicenter, multicountry study of an internationally standardized, rapid V. parahaemolyticus PFGE protocol for use in the PulseNet network as an epidemiological tool for subtyping V. parahaemolyticus strains. This study is a collaborative effort of the PulseNet V. parahaemolyticus working group. The working group is composed of six participating laboratories: International Centre for Diarrheal Diseases Research of Bangladesh (ICDDR,B), Public Health Laboratory Centre (PHLC) of Hong Kong (co-coordinating laboratory), National Institute of Cholera and Enteric Diseases (NICED) of India, National Institute of Infectious Diseases (NIID) of Japan, National Institute of Health of Thailand (NIH), and the PulseNet Methods Development and Validation Laboratory of the Centers for Disease Control and Prevention (CDC) of the United States of America (USA) (co-coordinating laboratory).
MATERIALS AND METHODS
Bacterial strains. A panel of 36 epidemiologically unrelated isolates of V. parahaemolyticus representing common serotypes isolated from different geographic regions and time periods were collected from six participating laboratories (Table 1 ). All isolates were sent to a coordinating laboratory (PHLC in Hong Kong) to keep the stock of bacterial strains in freeze-dried ampoules. Strains were coded and then distributed in nutrient agar stabs to participating laboratories.
Gene detection. The 36 V. parahaemolyticus isolates were further characterized by PCR for different genes. Detection of total hemolysins, thermolabile hemolysin (tl), tdh, and trh was carried out by multiplex PCR amplification as previously described by Bej et al. (4) . Identification of genetic markers toxRS/new and orf8 for the pandemic group was performed for each isolate as previously described (17, 21) .
Phase I-method selection and international protocol evaluation. V. parahaemolyticus PFGE protocols previously employed by participating laboratories were collected and reviewed. On the basis of different factors, such as the complexity of laboratory procedures, turnaround time, and ability to analyze PFGE profiles, the rapid PFGE protocol adopted by PulseNet USA as described by Parsons et al. (28) was selected for international evaluation. Each laboratory evaluated this protocol by subtyping the panel of 36 strains by using two restriction enzymes, SfiI and NotI.
(i) PFGE protocol. The CDC protocol was performed as described previously (28) with slight modifications and further recommendations to optimize its use on an international level. The modifications incorporated are described in detail below (see "Phase II-protocol validation" below).
(ii) Data analysis. PFGE patterns were analyzed using the BioNumerics version 4.0 software (Applied Maths, Sint Martens Latem, Belgium). The TIFF images were normalized by using the PulseNet universal Salmonella enterica serotype Braenderup (H9812) size standard (16) on each gel against the reference in the database. PFGE profiles were compared using the Dice coefficient and UPGMA (unweighted pair group method using arithmetic averages) clustering with a 1.5% band position tolerance window and 1.5% optimization. The clustering of the PFGE patterns and band assignments were confirmed visually. All gel images generated from the six participating laboratories were independently analyzed at the PHLC in Hong Kong and at the CDC in the USA, and the results were compared.
(iii) Review after phase I. After the completion of phase I, a detailed survey of laboratory procedures (including equipment and reagents used) was performed. In addition, participants were invited to provide feedback on the proposed protocol as utilized in their own laboratories. Based on the survey findings, further experiments were carried out by the PHLC in Hong Kong and the CDC in the USA to assess any possible impacts identified that procedural modifications would have on protocol performance. The results of both the survey and additional testing established final recommendations (see below) for protocol optimization and the second phase of the study, protocol validation.
Phase II-protocol validation. The protocol validation was undertaken using the PulseNet USA protocol with the following modifications. Cultures of V. parahaemolyticus for use in PFGE plug preparation were grown on plates containing Trypticase soy agar with 5% defibrinated sheep blood (TSA-SB) or a comparable nonselective medium with the intent of avoiding the use of a selective medium, such as thiosulfate-citrate-bile-sucrose (TCBS). Cultures were incubated at 37°C for Յ20 h prior to plug preparation as opposed to 18 to 24 h. The participating laboratories were recommended to adhere to the proposed protocol (28) when preparing cell suspensions for PFGE plugs (i.e., an optical density ranging from 0.35 to 0.45 as measured by the Dade microscan turbidity meter [Dade Behring, Deerfield, IL]). In addition, the PulseNet USA protocol was adjusted to prepare a restriction digestion with 50 U of the concentrated SfiI (40 units/l) instead of the unconcentrated form (10 units/l) of the enzyme. The participating laboratories retyped a subset of 7 isolates selected from the original panel of 36 V. parahaemolyticus strains with special attention to adhere to the proposed modifications. Seven strains were selected for this phase in order to conserve resources and to assess the usefulness of the protocol for discriminating different serotypes within the evaluation set. In summary, participating laboratories were asked to run two 10-well gels of seven strains digested with SfiI and NotI under the same running conditions (the initial and final switch times were 10 seconds and 35 seconds, respectively).
RESULTS
Strain characterization. The 36 V. parahaemolyticus strains represent pandemic, nonpandemic but virulent, and nonpandemic nonvirulent strains of V. parahaemolyticus of diverse serotypes isolated from 1981 through 2005 (Table 1) . Eleven different serotypes were included. The top four serotypes, O3:K6 (n ϭ 9), O1:KUT (n ϭ 6), O4:K12 (n ϭ 4), and O4:K68 (n ϭ 3), together constitute 61% of the isolates. All isolates tested had the tl gene. Four hemolysin genotypes were identi- (23) , not all of the strains in our study were typed as pandemic strains on the basis of PCR results. These strains were VPS18, VPS20, VPS21, and VPS22. Of the four, three (VPS20, VPS21, and VPS22) were positive for tdh and/or trh while negative for toxRS/new and orf8. Conversely, VPS18 was negative for the thermostable hemolysin genes but positive for toxRS/new and orf8.
PFGE results. The molecular sizes of PFGE restriction fragments used for analysis ranged from 25 to 700 kb. The number of restriction fragments generated by SfiI ranged from 14 to 20, and the number of restriction fragments generated by NotI ranged from 12 to 20. Thirty-one distinct patterns were noted using SfiI-digested DNA fragments and 32 patterns using NotI (Table 1) . By combining data from both restriction enzymes (SfiI and NotI), the 36 V. parahaemolyticus strains could be categorized into 34 distinguishable PFGE groups (Fig. 1) . This would indicate that two pairs of strains, strains VPS02 and VPS33 (of serotype O3:K6) and strains VPS03 and VPS04 (of serotype O4:K68) were indistinguishable from one another by two enzymes. PFGE patterns of the 16 pandemic members from four serotypes (O3:K6, O4:K68, O1:KUT, and O1:K25) clustered together (Fig. 1) . PFGE identified more subtypes than gene detection did. When subjected to UPGMA clustering using the Dice coefficient, the PFGE profiles of the isolates belonging to the pandemic clone clustered together using either enzyme or both enzymes combined (Fig. 1) . The trh-and tdh-negative but toxRS/new-and orf8-positive isolate, VPS18, clustered closely with the isolates from the pandemic clone. Phase I results. All participating laboratories submitted SfiIand NotI-digested PFGE patterns for the 36 V. parahaemolyticus strains in the panel to the coordinating laboratories (the PHLC in Hong Kong and the CDC in the USA). In this phase, 33% of the gel images displayed an unusually high amount of background and smearing at the bottom of the gel that greatly hindered analysis of the PFGE patterns. A detailed survey of laboratory procedures and equipment was subsequently undertaken to identify factors contributing to suboptimal PFGE results.
Survey findings and assessment of procedural variations. Positive feedback was obtained from the participants about the feasibility of implementing this protocol in their laboratories. The survey responses revealed that minor modifications had been made to the proposed protocol by some laboratories during plug preparation, including the choice of agar plate for subculture, age of culture growth, and concentration of bacterial cell suspensions for plug preparation. Experiments were conducted by the PHLC in Hong Kong and the CDC in the USA to assess the impact of such minor procedural modifications on the results. In these experiments, increased background was observed in PFGE patterns generated from plugs prepared directly from a selective medium, such as a TCBS agar plate (Fig. 2) . For isolates on a selective medium, subculture on a nonselective medium (TSA-SB) reduced the degree of background (as shown in lanes 10 to 12 of Fig. 2 ). Increasing the cell suspension concentrations during plug preparation resulted in higher background (Fig. 2) and in thicker bands that were more difficult to resolve, especially when closely migrating bands were observed (Fig. 2, black arrows) . The age of the culture was also important. Indistinct (fuzzy) banding patterns, especially at the bottom region of some PFGE profiles, were observed with plugs made from cultures that were incubated for more than 20 h. Finally, incomplete digestion was observed when a less-concentrated form (10 units/l) of SfiI enzyme was used in the restriction digests instead of the concentrated form (40 units/l), even though the same number of units (50 U per plug slice) of enzyme was present in both situations. These results were used to generate specific recommendations for participating laboratories during phase II.
Phase II results. Phase II analysis of SfiI and NotI PFGE results showed significant improvement in the ability to compare PFGE patterns from different laboratories. Analysis of all PFGE fingerprints (digested by both enzymes) from the PHLC in Hong Kong and the CDC in the USA (two coordinating laboratories with comparable equipment and reagents) demonstrated 100% agreement for the subset of seven V. parahaemolyticus isolates. A comparison of all the PFGE patterns from the six participating laboratories generated similarities of 94% or greater for each of the SfiI and NotI PFGE profiles. The differences observed in the patterns found by the different laboratories related to the resolution of two closely migrating bands in some gels versus a single broad band in other gels (Fig. 3) . Such small variations are unavoidable but underscore the need for visual confirmation of the automated computerized analysis, since such pseudodifferences will not be recognized by the software. Given the results, the proposed international PulseNet rapid standardized PFGE protocol for V. parahaemolyticus was found to be both robust and reproducible in multiple laboratories.
DISCUSSION
This study is a joint effort among six participating laboratories in the PulseNet International network. This multicenter, multicountry collaboration was established to evaluate and validate a rapid standardized PulseNet PFGE protocol for V. parahaemolyticus.
The two restriction enzymes used, SfiI and NotI, generate parahaemolyticus strains can be further differentiated by the use of NotI (Fig. 1) . We recommend the use of SfiI as the primary enzyme, while NotI can be used when further differentiation is needed. The results are affected by minor variations in procedure. The increased background observed using plugs prepared directly from TCBS may be due to selective agents in this medium. For optimal PFGE results, strict use of TSA-SB or a comparable nonselective agar is recommended. In addition, increased cell concentrations during plug preparation resulted in higher background and limited resolution of closely migrating bands. While the values in the standardized protocol (0.35 to 0.45) have been found to work well within the CDC PulseNet laboratories, when different equipment is used for measuring cell concentrations, values should be adjusted accordingly. Previous experiments have shown that indistinct bands appear in the patterns if plugs are made from cultures incubated Ն20 h. The observation could be due to DNA degradation because of the long incubation time. Therefore, fresh cultures incubated for 16 to 18 h are recommended. Incomplete digestion resulting in "ghost or phantom" bands was observed in some SfiI PFGE patterns. The concentrated form (40 units/l) of SfiI is recommended because it reduces the volume of glycerol (a stabilizing component present with the restriction enzyme) which in high concentrations can reduce the efficiency of the restriction enzyme. Failure to follow these recommendations may lead to high background of the PFGE patterns, partial digestion, and poor resolution. The recommendations made were appropriate for improving the performance of PFGE with V. parahaemolyticus. When these key factors were controlled, the V. parahaemolyticus PulseNet protocol was found to be both robust and reproducible among the collaborating laboratories.
Despite the suggested modifications, minor degrees of variability in PFGE patterns may occur when comparing gels of the same strains generated in different laboratories. These variations are a weakness inherent to PFGE as a method and not unique to the V. parahaemolyticus protocol (12, 22, 33) . Such disparities are unlikely to be eliminated and are likely to be due to variations in equipment, different lots of laboratory supplies and reagents, and user variation, which can affect the outcome of the resulting PFGE patterns. Therefore, the present study further emphasizes the importance of following standardized procedures to minimize opportunities for gel-togel variation. If specific equipment or supplies are not accessible in certain geographical areas, fine adjustments in an individual laboratory may be useful to enhance interlaboratory reproducibility. The study panel represents a broad spectrum of V. parahaemolyticus strains, including pandemic, nonpandemic but pathogenic, and nonpandemic nonpathogenic strains of V. parahaemolyticus of diverse serotypes, isolated before and after 1996. Serotyping information alone may not accurately identify whether a strain belongs to the pandemic clone. Genetic marker detection offers better discrimination of various strains than phenotypic methods, but PFGE identified more subtypes than PCR detection of multiple genes alone did. The PFGE profiles of the isolates belonging to the pandemic clone clustered together using either enzyme alone or both enzymes combined (Fig. 1) , while nonpandemic isolates grouped into multiple secondary clusters. This indicates that PFGE, in conjunction with serotyping, may be useful to preliminarily identify strains belonging to the epidemic clone.
Conclusions. This study demonstrates the application of a rapid PFGE protocol to subtype a diverse collection of V. parahaemolyticus strains isolated from different geographical areas and time periods. PFGE patterns generated using this protocol can further differentiate strains within the pandemic clone. With the improvements to the protocol, the use of cultures from a nonselective medium incubated for 16 to 18 h with careful adherence to the cell concentration and the use of high-concentration SfiI enzyme, the rapid standardized V. parahaemolyticus PFGE protocol was robust and produced reproducible results. Our study findings highlight the discriminatory power of PFGE over other methods for subtyping strains in the evaluation panel. Using this validated rapid protocol, laboratories can facilitate timely subtyping of new or untypeable serotypes that have or may possess pandemic potential, such as serotype O3:K6 and its serovariants which have emerged since 1996. This collaborative work lays the foundation for setting up a global surveillance database that will enable us to effectively monitor the dissemination of V. parahaemolyticus and to make recommendations in collaboration with epidemiologic findings to facilitate prevention measures that will reduce the spread of infection.
